The spinach chloroplast ribosomal protein (r-proteln) CL22 contains a central region homologous to the Escherichla coll r-proteln L22 plus long N-and Cterminal extensions. We show In this study that the CL22 combines two properties which In E.coll ribosome are split between two separate proteins. The CL22 which binds to the 5S rRNA can also be linked to an erythromycin derivative added to the 50S ribosomal subunit. This latter property Is similar to that of the E.coll L22 and suggests a similar localization In the 50S subunit. We have overproduced the r-protein CL22 and deleted forms of this protein in E.coll. We show that the overproduced CL22 binds to the chloroplast 5S rRNA and that the deleted protein containing the N-and C-termlnal extensions only has lost the 5S rRNA binding property. We suggest that the central homologous regions of the CL22 contains the RNA binding domain.
INTRODUCTION
In its overall structure and function the chloroplast ribosome resembles the procaryotic ribosome. It is composed of 30S and 50S subunits containing four rRNA species highly homologous to their Escherichia coli counterparts and approximately 55 ribosomal proteins (r-proteins). About one third of the chloroplast r-proteins are encoded by the chloroplast genome (1, 2). The remaining two thirds are encoded by the nucleus, synthesized in the cytosol and transported to the chloroplasts. Most of the chloroplast r-proteins are homologous to the E.coli r-proteins. However, some of them have a reshaped primary structure, possess peptidic extensions that can increase by up to 100% the size of the protein (3) or are drastically shortened, as observed for the r-protein CS-S1 (4) . There also exists a class of 'chloroplast-specific' r-proteins which do not possess homology with any of the bacterial r-proteins (5) (6) (7) (8) . The consequences of these reshaped or chloroplast-specific r-proteins on the overall properties and function of the chloroplast ribosome are not known, although the shortened CS1 r-protein and the E.coli SI play a similar role in the initiation of translation (4).
To better understand the possible changes in the chloroplast r-protein's structure and function, we have studied the properties of the spinach chloroplast r-protein CL22. This protein is encoded by the chloroplast genome (9) , except in pea and probably in other plants of the same family where the gene is located in the nucleus (10) . This r-protein is an example of a reshaped protein that possesses large peptidic extensions compared to the E.coli r-protein L22. Previous studies have shown that unlike its bacterial homologue, the CL22 is a 5S rRNA binding protein (9, 11) .
The E.coli 122 does not bind 5S rRNA but is an early assembly protein present in the core particle of the 50S subunit (12) . L22 binds to erythromycin (13) and is one of the polypeptides that are affected by mutations conferring resistance to erythromycin (14) . As a consequence of its procaryotic origin, the chloroplast translational apparatus exhibits a sensitivity to antibiotics similar to that of the bacteria (15) . We therefore address the question, does the spinach CL22 also bind to erythromycin?
We demonstrate in this paper that the spinach CL22 binds to a labelled derivative of erythromycin, suggesting that this protein is located nearby the peptidyltransferase center like its bacterial homologue (13) . We also wanted to localize the domain responsible for the specific 5S rRNA binding property within the CL22 sequence. We overproduced the CL22 in E.coli and tested in vitro its ability to bind chloroplast 5S rRNA after deletion of the central part of the protein and of the C-terminus peptidic extension. The results obtained suggest that the rRNA binding property is located in the central part of the protein.
MATERIALS AND METHODS

Photo-labelling of ribosomal subunits
Chloroplast ribosomal subunits were prepared from young spinach leaves (Spinacia oleracea, var. GSant d'hiver) (16) . The subunits were pelleted by ultra-centrifugation and resuspended in a buffer containing 20 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 > 100 mM NH4CI, 6 mM /3-mercaptoethanol.
The photoreactive erythromycin derivative (TED) used in these experiments was synthetised as previously indicated and was labelled with 123 Iodine (17) .
* To whom correspondence should be addressed Ribosomal subunits were dialysed against 10 mM borate, pH 7.5, 100 mM KC1, 10 mM MgCl 2 at 4°C and were incubated in the dark with IED concentration of 0.1 to 1.5 /tM, at 37°C for 20 min. The samples were cooled to 0°C, placed in a borosilicate glass tube in a refrigerated bath at 4°C and irradiated from a distance of 5 cm with a 125 W medium pressure mercury lamp. Ribosomal subunits treated in the same way but not irradiated were used as control.
The labelled proteins were fractionated through a 12.5% PAGE gel in the presence of SDS (sodium Dodecyl Sulfate) (18) and then visualized by autoradiography. Alternatively, the proteins were fractionated by reverse phase HPLC (19) using the conditions suitable for chloroplast r-proteins (20) .
The amount of IED non-covalently bound to the 50S ribosomal subunits was determined by measuring the radioactivity in the pellet after ultra-centrifugation of the IED-treated subunits. The covalently bound IED was determined as follows: irradiated 50S subunits were precipitated with acetone, filtered through a glass fiber (GF/C, Whatman), and rinsed with 80% acetone. The radioactivity retained on the filter was measured using a scintillation counter.
Cloning of the rpl22 gene and deleted genes
The spinach chloroplast rpl 22 gene coding for the chloroplast r-protein CL22 was cloned from the SalI-9 spinach chloroplast DNA fragment (9) . Standard methods (21) were used for the construction of the following plasmids: -pUC-L22 and pBL22 plasmids: the 1507 bp HindHI-EcoRI fragment containing the entire rpl 22 sequence was inserted into pUC18 and Bluescript KSII, resulting in the plasmids pUC-L22 and pBL22, respectively (Fig. 2 ).
-pETl 1-L22 plasmid: a Hpall fragment containing the rpl 22 gene and a portion of the rps3 gene was inserted at the BamHI site of the pETl 1 vector (22) . Protruding ends were filled in and blunt end ligated. The correct orientation of the rptll gene, respective to the transcription start was checked by restriction mapping.
-pETl 1-AHC plasmid. pUC-L22 was digested by EcoRV and Xhol, ends were partially filled-in and the remaining single strands were digested by the action of SI nuclease. The plasmid was then ligated. Reading frame was checked by double strand sequencing using the dideoxy chain termination method (21) and a T7 DNA polymerase sequencing kit (Pharmacia). The HpallSau3A fragment containing the AHC coding sequence was then inserted at the BamHI site of pETll as indicated above.
C-terminal deletions: the 3' end of the HindTfl-EcoRI fragment containing the rptll gene was progressively digested by exonuclease IQ and nuclease SI. The fragments were then inserted separately into Bluescript KSII plasmids. The size of the deletion was analysed by sequencing. Clones deleted with nucleotides 10 to 250 in the rp[22 coding sequence were selected. The plasmid with a 3 '-terminal deletion of 28 codons in the CL22 coding frame overproduced a deleted protein which was designated AC30.
Overproduction of the r-protein CL22 and mutants
Plasmids pETll-L22 and pETl 1-AHC carrying the CL22 and AHC coding sequences respectively were introduced into the E.coli strain BL21(DE3) (22) . The constructs inserted into the Bluescript plasmids were used for overproduction in the E.coli strain XLl-Blue. Bacteria were grown in liquid selective medium to ODgooon, = 0.5. and overproduction was induced for 4 h by the addition of IPTG (Isopropyl-/3-D-thiogalactoside) up to 1 mM. Bacteria were harvested, washed at 4°C with the extraction buffer (20 mM Tris HC1, pH 7.6, 50 mM KC1, 1 mM EDTA, 10% v/v glycerol, 14 mM /3-mercaptoethanol, 0.05 mM PMSF (Phenylmethylsulphonyl fluoride) and disrupted by sonication. The overproduced proteins were in the pellet obtained by centrifugation at 10 000Xg. The pellet was washed with 2 M urea and the aggregated overproduced proteins were solubilized in the extraction buffer containing 8 M urea. After centrifugation, the solubilized proteins contained in the supernatant were precipitated by 10% TCA. The precipitate was pelleted and redissolved in electrophoresis buffer. After electrophoresis (Fig. 3A ) the proteins were blotted onto a nitrocellulose sheet for binding experiments or individually electroeluted for dot blot assays.
Semi-purified proteins were used for UV cross-linking experiments (Fig. 4 ). These were produced by solubilising aggregates of overproduced protein in extraction buffer plus 1.5% N-Lauryl Sarcosinate (Sigma), then dialised against 1L of extraction buffer (23) .
Proteins were quantified by the method of Bradford (24) .
5S rRNA-protein binding Chloroplast 5S rRNA was synthesized in vitro using the 5S rRNA gene cloned in pGEM linearized at its HindTTI site (Rozier, unpublished results), T7 RNA polymerase from a RNA transcription kit (Stratagene) and [a 32 P]UTP. The extra sequences of the 5S rRNA are of 7 and 16 nucleotides at the 5'-and 3'-end, respectively. The synthesized 5S rRNA was purified by electrophoresis and renatured for 5 min at 50°C in the presence of 10 mM Mg 2+ before cooling at room temperature.
For dot blots, the purified proteins eluted from the gel (see above) were blotted onto a nitrocellulose filter, renatured in the binding buffer I (20 mM Tris-HCl, pH 7.6, 100 mM KC1, 0.1 mg/ml Bovine Serum Albumin), and incubated with radioactive 5S rRNA (50 000 cpm/ml) in the same buffer as previously described (11, 25) . These conditions allow a specific recognition of 5S rRNA binding proteins (11, 25) .
For the UV cross-Unking experiment, proteins were incubated in the presence of radioactive chloroplast 5S rRNA (10 6 cpm) in 50 /tl of binding buffer H (20 mM Tris-HCl, pH 7.6, 10 mM MgCl ? , 100 mM NH4CI) for 10 min at 37°C in the well of a microtitration plate. The sample was then irradiated at 4°C, 2 cm beneath a UV lamp at 254 nm for 15 min. After irradiation, the mixture was then treated with 1/jg of RNAase A for 30 min at 37°C. The proteins were collected by precipitation with acetone and were fractionated by SDS-PAGE. The radioactive proteins were visualized by autoradiography.
RESULTS
Identification of the r-proteins labelled by an erythromycin derivative
Covalent and non-covalent binding of the iodinated erythromycin derivative (IED) to SOS chloroplast ribosomal subunits was determined. The specificity of the binding was verified by competition with cold erythromycin, as shown on Fig. 1A . We conclude that the IED binding is due to the interaction of the erythromycin with the 50S subunits and that the UV treatment used for covalent binding does not significantly alter the binding properties of the complex. This latter conclusion allows the search for the 50S r-proteins which are in close contact with the antibiotic, after stabilizing the interaction by the UV treatment. When r-proteins were isolated from the labelled 50S subunits and fractionated by SDS-PAGE, two labelled bands were observed ( Figure IB) . The major band corresponds to a protein of 22-25 kDa. A second protein of 15-18 kDa is also found with a lower level of radioactivity. For identification purposes, the labelled proteins, the proteins extracted from irradiated 50S ribosomal subunits were fractionated by HPLC and each fraction subjected to electrophoresis. Here again, two proteins of 23 kDa and 18 kDa respectively were found (Fig. 1C ). These were named according to the system used in our laboratory (16, 20) , the 23 kDA protein corresponds to CL22, the product of the rpl 22 gene (9, 11) , and the 18 kDa protein is named CS-L21, its gene is as yet known.
The peptidic extensions of the spinach r-protein CL22 alone, do not bind to the chloroplast 5S rRNA In addition to the erythromycin binding property which is similar for chloroplast and E.coli L22 r-proteins, spinach CL22 is a 5S rRNA binding protein. We wanted to know if this 5S rRNA binding property was correlated to the presence of the large peptidic extensions which double the size of the spinach CL22 compared to its E.coli protein homologue (Fig. 2) .
Using the previously characterised chloroplast encoded rpU2 gene (9) several constructs were made in order to overproduce all or part of the CL22 r-protein in E.coli (Fig. 2) . One of the constructs allowed the production of a protein termed AHC with a deletion in its central region homologous to E.coli L22. This protein contains the two fused N-and C-terminal extensions, resulting in an 101 amino acid residue polypeptide. Deletion of the 3' end of the rptll gene gave overproduction of a protein missing 30 amino acids in the C-terminal end (AC30). Constructs with extended deletions at the C-or N-terminus have also been tested for overproduction but no overproduced protein was obtained (not shown).
The overproduction of proteins in E. coli was verified by in vivo labelling with 35 S-Methionine and SDS-PAGE (not shown). Fig. 3 A shows an electrophoretic analysis of overproduced CL22 and AHC proteins obtained after solubilization of the aggregates with 8M urea (see Materials and Methods). The electroeluted proteins were incubated with ^P-labelled chloroplast 5S rRNA. Fig. 3B shows that the CL22 protein only binds to the 5S rRNA. No radioactive 5S rRNA is bound to the AHC protein.
The binding properties of CL22 were verified by UV crosslinking of the 5S rRNA to overproduced protein (Fig. 4) . We showed that AC30 is still able to bind to the 5S rRNA (Fig. 4) . From these experiments we conclude that the peptidic extensions alone are not responsible for the 5S rRNA binding property of the r-protein CL22.
DISCUSSION
Erythromycin is an antibiotic known to block translational elongation in the procaryotic ribosome of E. coli by interacting with essential components present in the peptidyl transferase center, but does not inhibit the peptidyl transferase reaction itself (26) . In E.coli, erythromycin resistance can result from mutations in three genes, two of which are known to affect the r-proteins L4 and L22 and the third affects rRNA processing (27) . Erythromycin derivatives have been shown to interact with L22 (13). These results suggest that the L22 participates somehow in the peptidyl transferase center.
In the spinach chloroplast ribosome the CL22 homologue to the E.coli 122, is a 5S rRNA binding protein (9, 11) . Since the 5S rRNA is located in the central protuberance of the 50S ribosomal subunit (28) , it raises the question of the location of CL22 in the chloroplast 50S subunit and of its participation in the peptidyl transferase activity. Results reported in this paper show that the CL22 is labelled by an erythromycin derivative, suggesting the presence of an erythromycin binding site in the CL22 and possibly a localization in the ribosomal subunit similar to its bacterial homologue in the vicinity of the peptidyl transferase center (13) . The CL22 contains a central region of equal length and with homology to the E. coli L22. We suggest that this region is responsible for the erythromycin derivative binding and possibly contributes to the architecture of the peptidyl transferase center.
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Hpall . We have shown here that in contrast to the E. coli 50S subunit a second r-protein, named CS-L21, is labelled by the erythromycin derivative used in this experiment. The primary structure of the CS-L21 protein (named according to its size, ref. 16 ) is not known. It would be interesting to check if CS-L21 is homologous to the E.coli L4, which is altered in a mutant resistant to erythromycin (27) , or to the E.coli L15 or L27 which can be labelled by derivatives of the macrolides group of antibiotics, of which erythromycin belongs (29) . Interestingly, in the green alga Chlamydomonas reinhartii there is an altered chloroplast r-protein CL6, that is nuclear encoded and is associated with resistance to erythromycin (30) . It is therefore possible that the C. reinhartii CL6 protein is equivalent to the spinach CS-L21 protein.
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We have also studied the localization of the 5S rRNA binding property of the CL22. Especially, we searched for the possible role of the large peptidic extensions as RNA binding domain. These extensions were good candidates for this this we speculated that the RNA binding domain could be separated from the erythromycin-binding domain as is the case in the E.coli 5OS subunit. We have overexpressed in E.coli CL22 with a central deletion. The resulting protein is unable to bind to the 5S rRNA. Thus, we searched for chloroplast specific motives that are shared by other chloroplast CL22 proteins. We found a motif (MPYRACYP) containing tyrosine residues which are absent in the E.coli L22 and are conserved in other chloroplast CL22 proteins (32) . These tyrosine residues could be important for RNA binding as shown in some RNA-binding proteins (33) . However, mutation of tyrosine residues conserved in the chloroplast CL22 and absent in the E.coli L22 sequence do not change the RNA-binding property of CL22 (data not shown), suggesting that the RNA-binding domain may be scattered in the CL22 sequence, as shown for the E.coli r-protein S8 (34) .
If the CL22 binds to the 5S rRNA in vivo similarly to in vitro, then we must speculate that CL22 takes the place of some of the proteins homologous to the bacterial 5S rRNA binding, namely the L5, LI8 and L25 (35) . None of these proteins has been identified yet in the chloroplast ribosome hence it is not known if such proteins exist, or if they have been lost in the chloroplast ribosome. However the properties of the CL22 suggest a reorganisation of the chloroplast 50S ribosomal subunit compared to E.coli.
We have shown here for the first time that a chloroplast ribosomal protein can combine two properties divided into different proteins in the E. coli ribosome. Together with previous works (4, 6), we have shown that some chloroplast r-proteins can possess specific properties that may prove to be an interesting link with the function or regulation of translation in the chloroplast.
